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Introduction
Spondyloarthritis (SpA) includes reactive arthritis, psoriatic arthritis, colitic arthropathies, undifferentiated SpA and ankylosing spondylitis (AS), the latter of which is characterized by chronic inflammation of the sacroiliac peripheral joints and the absence of rheumatoid factor [1] [2] [3] [4] . AS often leads to significant spinal disease and peripheral arthritis, which can manifest as chronic back pain and a progressive spinal ankyloses [1] [2] [3] [4] . The disease strikes predominantly men between the ages of 20 and 40 years [1] [2] [3] [4] .
The pathogenesis of AS has been found to be strongly related to major histocompatibility complex (MHC) class I since a majority of AS patients have human leukocyte antigen (HLA)-B27 (HLA-B27) gene [1] [2] [3] [4] . Although the mechanisms of AS onset remain incompletely elucidated, the involvement of osteoclasts (OCs) and a set of pro-inflammatory cytokines (e.g. TNF-, IL-6, and IL-10) have been discerned [1] [2] [3] [4] .
A set of new bone formation and low bone mass and density occur in AS patients, suggesting the involvement of OCs and an imbalance of receptor activator of NF-κB ligand (RANKL) system [5] [6] [7] . OCs are present only in bone, and multinucleated giant cells with the capacity to resorb mineralized tissues [5] [6] [7] . OCs are derived from hematopoietic progenitors of the monocyte-macrophage lineage [5] [6] [7] [8] [9] [10] . Bone-marrow derived macrophages are believed to be the major precursor cells for OCs [5] [6] [7] [8] [9] [10] . Osteoblasts and stromal stem cells bind to OCs through RANKL, which induces expression of RANK surface of osteoclasts and their precursors [5, [8] [9] [10] . Osteoprotegerin (OPG) is also secreted by osteoblasts and stromal stem cells and protects the skeleton from excessive bone resorption by binding to RANKL and preventing it from interacting with RANK [5] [6] [7] [8] [9] [10] . This RANKL/RANK/OPG system was discovered in the mid-1990s [11] [12] [13] . The RANKL/OPG ratio in bone marrow is thus an important determinant of bone mass in normal and disease states [5] [6] [7] [8] [9] [10] . Increased RANKL levels have been suggested to enhance the disease progress of AS [14] .
Aside from the classically activated macrophages (also called M1 macrophages), which respond to type I helper T cells (Th1) and generate reactive oxygen species and nitric oxide to kill pathogens and cells, there are also alternatively activated macrophages (M2 macrophages), which respond to type II helper T cells (Th2) to mediate humoral immunity and tissue repair [15] [16] [17] [18] [19] . The adaption of macrophage phenotypes is called polarization.
Interleukin 4 (IL-4) is a pleiotropic cytokine that plays an essential role in T and B lymphocyte differentiation to initiate type 2 immune responses [20] [21] [22] [23] [24] [25] . In vivo treatment with IL-4 was effective in various autoimmune models, including collagen-induced arthritis [21] [22] [23] [24] [25] and proteoglycan-induced arthritis (PGIA) [20] , mouse models for AS. This is due to the fact that IL-4 acts as an anti-inflammatory cytokine that modulates macrophage polarization and activity through suppression of Th1-mediated pro-inflammatory effects and enhancement of Th2-mediate anti-inflammatory effects [26] [27] [28] , possibly via modulation of histone deacetylation [29] [30] [31] [32] [33] . M2 macrophages are typically found in Th2-dominated responses, as the Th2-driving IL-4 is a strong inducer of M2 polarization [15] [16] [17] [18] [19] . However, the molecular mechanisms underlying the therapeutic effects of IL-4 on AS are not defined. Moreover, macrophage polarization in AS, especially by IL-4 treatment, has not been studied.
Here, we injected IL-4 into the articular cavity of Balb/c mice and evaluated its effects on PGIA. We isolated and analyzed the number and polarization of macrophages in the articular cavity before and after IL-4 treatment, as well as the RNAKL levels in macrophage subtypes. We isolated bone-marrow derived macrophages and treated them with IL-4 in vitro, with and without histone deacetylase inhibitors trichostatin A (TSA), and then performed similar analyses in vivo. We found that IL-4 treatment inhibited the incidence and severity of arthritis in a mouse AS model, and polarized macrophages from a classical M1 subtype to a M2 subtype in vivo and in vitro. RANKL was predominantly produced by M1, but not by M2 macrophages. IL-4-mediated inhibition of RANKL in macrophages was abolished by TSA. 
Materials and Methods

Mouse handling
All mouse experiments were approved by and performed according to the guidelines of the IACUC of Nanfang Hospital of Southern Medical University. Only 12-week-old female Balb/c mice (Jackson lab, Bar Harbor, ME, USA) were used for in vivo experiments. The mice were kept in specific pathogen free (SPF) conditions.
Proteoglycan-induced arthritis (PGIA) model
Female Balb/c mice were i.p. injected with 100µg of cartilage proteoglycans (Sigma-Aldrich, St. Louis, MO, USA) on weeks 0, 3, and 6. The first and third injections of proteoglycan were given in CFA (Difco, Detroit, MI, USA) and the second injection of proteoglycan was given in IFA (Difco) as has been previously described [20] .
Intra-articular injection of IL-4
Intra-articular injection of IL-4 was performed as has been described before [34] . Mice were anesthetized with 2.5% isoflurane in 100% oxygen at a flow rate of 1 L/minute. Hair was removed from both knee joints with a hair removal cream (Veet) to facilitate direct observation. The right knee joint of the mice was punctured once with a 30G needle below the patella to induce a hemorrhage. Subsequently a 3µl solution, containing 100ng recombinant mouse IL-4 (R&D systems, Los Angeles, CA, USA) or vehicle only (phosphate-buffered saline containing 20mmol/l Tris and 100mmol/l NaCl, pH 7.5), was injected through a 33G needle in mice for each treatment. After these injections, the mice received acetaminophen via their drinking water to relieve pain until the end of the experiment.
Assessment of arthritis
Mice were scored blindly every other week for clinical signs of arthritis as has been described before [35] : 0 (no symptoms), 1 (redness and swelling in one toe), 2 (redness and swelling in more than one toe), 3 (toe stiffness), and 4 (deformity or ankle involvement). Hind paw forefeet were studied by histomorphology as has been described [35] : 0 (normal toe), 1 (acute inflammation including dactylitis), 2 (entheseal cell proliferation), 3 (cartilage formation), 4 (bone formation), and 5 (joint ankylosis). A cumulative score from all toes was calculated. The shown arthritis data represent results from one of the three experiments.
Positron Emission Tomography (PET) imaging and Dual Energy X-ray Absorptiometry (DEXA)
The imaging of the absorption of 2-[ 18 F]fluoro-2-deoxy-D-glucose ( 18 F-FDG) in mice has been described before [36] . Briefly, the mice were imaged using a Focus 220 microPET® scanner (Concorde Microsystems Inc., Knoxville, TN, USA). The mice were anesthetized with 2.5% isoflurane in 100% oxygen at a flow rate of 1 L/minute and 7.4 MBq of 18 F-FDG was administered by lateral tail vein injection. One hour after injection, a static, ten minute scan was acquired. Images were reconstructed using a maximum posteriori algorithm from the vendor with 18 iterations and uniform resolution. The images were displayed in Amide's a Medical Imaging Data Examiner and three-dimensional spheroid regions of interest (ROIs) were drawn. The mean radioactivity in the ROIs was converted to percent of the injected dose per gram of tissue (%ID/g) by a calibrated cylinder factor and after division with the injected dose (corrected for residual and decay). Standardized uptake values (SUV) were obtained by multiplying the % ID/g of the toe area by the weight of the animal. Bone mineral content was assessed by dual X-ray absorptiometry using Piximus densitometer (Lunar, Madison, WI, USA).
Isolation and culture of bone-marrow derived mouse macrophages
Isolation of bone-marrow derived mouse macrophages has been described before [37] . Marrow from 12 female, week-old Balb/c mice was flushed out with vehicle solution (phosphate-buffered saline containing 20mmol/l Tris and 100mmol/l NaCl, pH 7. 
Results
IL-4 inhibited development of PGIA in mice
Eighty Balb/c mice were immunized with proteoglycan through triple injections at week 0, 3 and 6, as has been described [20] . At 10 weeks, 40 mice received Intra-articular injection of IL-4, while the other 40 received vehicle. At 10 and 11 weeks each, 20 mice (10 weeks: 20 mice immediately after injections of IL-4 (10)/Vehicle (10), 11 weeks: 10 mice that had received IL-4 and 10 mice that had received vehicle) were sacrificed and analyzed for macrophages in the articular cavity that had received injections of IL-4/Vehicle. The other 40 mice (20 that had received IL-4 and 20 that had received vehicle) were monitored for development of arthritis at 8, 10, 12 and 14 weeks by evaluating the clinical severity and pathological severity (Fig. 1A) .
We found that IL-4-treated mice exhibited a significant decrease in the incidence of arthritis (Fig. 1B) , a significant decrease in clinical severity (Fig. 1C) , and a significant decrease in the pathological severity (Fig. 1D ), compared to vehicle-injected mice. Since the pathogenesis of AS is characterized by infiltration of neutrophils and mononuclear inflammatory cells, and since 18 F-FDG has been shown to accumulate in activated neutrophils and macrophages and thus serves as a marker of inflammation [38] , we injected 18 F-FDG into IL-4-treated mice and quantified the inflammation by 18 F-FDG uptake using PET scan in the paws of the mice. We found that the uptake of tracer was significantly reduced in the IL-4-treated mice at 14 weeks, by quantification (Fig. 1E) , and on a representative image (Fig. 1F) . Together, these data suggest that IL-4 treatment significantly reduced severity of PGIA. Thus, this model is validated for further mechanistic studies of AS.
IL-4 did not alter macrophage number, but induced macrophage polarization in PGIA
Since IL-4 has been identified as a macrophage polarization trigger, and the macrophage is a precursor of OC in AS, we hypothesized that IL-4 may alter macrophage polarization in PGIA. In order to examine this hypothesis, we isolated cells from the articular cavity at 11 weeks, 1 week after IL-4 injection (Fig. 1A) , and analyzed and purified macrophages (based on F4/80) as well as their subtypes (M1 based on CD206-negative, M2 based on CD206-positive) by FACS ( Fig. 2A) . We did not find changes in the percentage of macrophages in the total cells from articular cavity (Fig. 2B ), but detected a significant polarization of macrophages to an (Fig. 2C) , by IL-4 treatment. These data confirmed our hypothesis, suggesting that IL-4 may not alter macrophage number, but may induce macrophage polarization in PGIA.
M1, but not M2 macrophages expressed high levels of RANKL
In order to find out whether macrophage polarization plays a role in the therapeutic effects of IL-4 in PGIA, we analyzed RANKL levels in isolated M1 and M2 macrophages. RANKL is a critical inducer of AS and RANKL has been shown to be critical for OC differentiation. We found that M2 macrophages had significantly lower transcript levels of RANKL, compared to M1 macrophages, regardless of the sources and experimental time points (Fig. 3) . Since IL-4 induced M1-to-M2 polarization, it then resulted in significant decreases in RANKL levels, which subsequently prevented OC differentiation.
IL-4 induced M1-to-M2 macrophage polarization in vitro, possibly through enhanced histone deacetylation
To confirm these findings in vivo, we examined the effects of IL-4 on macrophages and RANKL levels in macrophages in vitro, to exclude the possibility of model-dependence on the in-vivo environment. We isolated mouse macrophages from bone marrow and then put these macrophages in culture, treated with or without IL-4 (Fig. 4A) . We found that IL-4 similarly induced M1-to-M2 polarization in vitro, without the need for the PGIA environment (Fig. 4B) . Moreover, M2 macrophages, regardless of the sources from different experimental conditions, expressed significantly lower RANKL transcripts, compared to M1 macrophages (Fig. 4C) . These data suggest that IL-4-induces M1-to-M2 polarization, and decreases in RANKL levels in macrophages do not require a PGIA environment.
Since IL-4 has been shown to conduct its functions through induction of histone deacetylation, we thus added TSA, an inhibitor for histone deacetylation, into IL-4-treated macrophage culture (Fig. 4A) . TSA significantly and nearly completely abolished the effects of IL-4-induced M1-to-M2 polarization (Fig. 4B) , without affecting the RANKL levels in M1 and M2 macrophages (Fig. 4C) . Together, these data suggest that IL-4 induced M1-to-M2 macrophage polarization in vitro, possibly through enhancing histone deacetylation (Fig. 5) . Here, we used a well-established PGIA model to study the underlying mechanisms of IL-4-mediated alleviation of arthritis severity. Our hypothesis is based on studies from other areas [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . IL-4 conducts Th2 lymphocyte-mediated effects [20] [21] [22] [23] [24] [25] , among which enhancement of M1-to-M2 macrophage polarization has been well described [15] [16] [17] [18] [19] . Since macrophages are critical regulators and may even serve as OC precursors [20] [21] [22] [23] [24] [25] , we hypothesize that regulation of macrophages by IL-4 may be critical for the effects of IL-4 on PGIA.
Here, we injected IL-4 into the articular cavity of PGIA mice. We confirmed the therapeutic effects of IL-4 on PGIA by incidence of arthritis, clinical and pathological arthritis severity and PET tracer uptake. These data validated the model. Then, we isolated macrophages from the articular cavity before and after IL-4 treatment. Interestingly, we did not find changes in the relative percentage of macrophages. These data suggest that IL-4 may not affect the proliferation and/or survival of macrophages. However, IL-4 did significantly polarize M1 to M2 macrophages, based on CD206 positivity [15] [16] [17] [18] [19] . And our further analyzes of RANKL levels suggest that RANKL was predominantly produced by M1, but not M2 macrophages. Thus, IL-4 may significantly decrease RANKL levels in macrophage populations. Since RANKL binds to its receptor RANK to activate and differentiate OC [5] [6] [7] [20] [21] [22] [23] [24] [25] , these data may explain the previous findings of significant decreases in OC-mediated bone destruction and loss by IL-4 treatment [5] [6] [7] . Hence, the therapeutic effects of IL-4 may be at least partially mediated by inhibition of OC activation and differentiation, through M2-polarization of macrophages.
Since these data were obtained from an in vivo mouse model, it is possible that the effects of IL-4 on macrophage polarization are not direct. In other words, IL-4 may need the inflammatory environment to polarize macrophages. Therefore, we examined this possibility in vitro. We not only confirmed that IL-4 independently induces macrophage polarization in vitro, but further demonstrated that the effects of IL-4 on macrophage polarization may involve histone deacetylation, consistent with previous studies on IL-4 in different models [29] [30] [31] [32] [33] .
Since RANKL activates the NF-kB signaling pathway [5] [6] [7] , our data suggest that IL-4 may alter histone deacetylation in macrophages to polarize them into an M2 subtype, in which gene expression of RANKL is significantly inhibited, resulting in deactivation of the NF-kB signaling pathway, which is necessary to trigger OC activation and differentiation to mitigate the severity of PGIA or the clinical severity of AS. Future work may analyze OPG levels aside from RANKL in this experimental model [5] [6] [7] , and may also study the precise molecular events during M1-to-M2 polarization as well as the direct regulation on RANKL gene expression in macrophages [15] [16] [17] [18] [19] .
Our study sheds new light on the mechanisms underlying the therapeutic effects of IL-4 on AS, and highlights regulation of macrophage polarization as a promising innovative treatment for AS.
